Abstract-This paper presents a low-dropout regulator (LDO) for portable applications with an impedance-attenuated buffer for driving the pass device. Dynamically-biased shunt feedback is proposed in the buffer to lower its output resistance such that the pole at the gate of the pass device is pushed to high frequencies without dissipating large quiescent current. By employing the current-buffer compensation, only a single pole is realized within the regulation loop unity-gain bandwidth and over 65 phase margin is achieved under the full range of the load current in the LDO. The LDO thus achieves stability without using any low-frequency zero. The maximum output-voltage variation can be minimized during load transients even if a small output capacitor is used.
I. INTRODUCTION

P
OWER management is essential in all battery-powered portable devices such as cellular phones and PDAs in order to reduce the standby power and prolong the battery runtime. Low-dropout regulators (LDOs) are one of the most critical power management modules, as they can provide regulated low-noise and precision supply voltages for noise-sensitive analog blocks. With the widespread proliferation of modern portable devices, ever more stringent performance requirements of the LDO are needed. First, low dropout voltage across the pass device of the LDO is required provide high power efficiency. In addition, the increased level of integration in portable devices not only demands the LDO to deliver high load current, but also requires the no-load quiescent current of the LDO to be minimized for improving the current efficiency [1] . Good load transient response with small output-voltage variation including overshoots and undershoots upon load switching is critical to Manuscript prevent an accidental turn off or resetting of the portable device. These four major performance requirements of the LDO, including low dropout voltage, high output current, low no-load quiescent current, and small output transient undershoots and overshoots are, however, difficult to achieve simultaneously. In LDO design, the ability to source high load current while achieving low dropout voltage requires the use of a large size pMOS transistor as the pass device [1] . In addition to the low-frequency dominant pole generated by the output capacitor, the large gate capacitance of the pMOS pass device creates another low-frequency non-dominant pole within the unity-gain frequency of the regulation loop, thereby degrading stability. Different approaches have been reported to address this issue [1] - [5] . In [1] , an emitter-follower has been adopted as a voltage buffer to drive the pMOS pass device. The low output resistance of the emitter-follower allows the pole at the gate of the pass device to be pushed beyond the unity-gain frequency of the LDO regulation loop. The reported LDO dissipates low quiescent current, while sourcing the maximum load current of 50 mA [1] . However, if the LDO is required source a larger load current (e.g., 100 mA or more), a much larger pass device with larger gate capacitance is needed. The current dissipation of the emitter-follower thus needs to be greatly increased to further lower its output resistance at the gate of the pass device for maintaining loop stability. Instead of dissipating large quiescent current in the voltage buffer to achieve loop stability, the approach of creating a low-frequency left-half-plane (LHP) zero has been widely employed, which provides positive phase shift to compensate for the negative phase shift due to the low-frequency non-dominant pole [2] - [5] . The low-frequency LHP zero can be generated by either adding a resistor in series with the output capacitor (or the intrinsic equivalent series resistor (ESR) of the output capacitor), namely ESR zero [2] - [4] , or relying on frequency compensation through a voltage-controlled current source [5] . However, the exact pole-zero cancellation within the unity-gain frequency of the LDO regulation loop is difficult to achieve under the full range of the load current. The incomplete pole-zero cancellation may lead to instability of the LDO in the worst condition. Small pole-zero frequency mismatch within the unity-gain frequency can degrade the quasi-linear transient settling behavior [6] , [7] of the LDO upon load switching. Even worse, if the ESR zero approach is adopted, the resistor leads to large output overshoots and undershoots during massive load-current step changes especially when a low-value output capacitor of micro-farad range is used. In order to further improve LDO performances, buffer impedance attenuation technique (BIA) is first proposed to realize an intermediate stage for driving the pMOS pass device. The proposed BIA technique greatly reduces the output resistance of the buffer through dynamically-biased shunt feedback. As a result, the pole at the gate of the pass device is pushed far beyond the unity-gain frequency of the LDO regulation loop under the entire load current range even if a huge pass device is used for achieving low dropout voltage and sourcing high load current. The BIA technique thus allows the LDO to dissipate low quiescent current. By employing current-buffer compensation in the LDO, only a single pole is realized within the unity-gain frequency and a good phase margin is achieved for the entire load current range with a small compensation capacitor. The LDO thus achieves stability without using any low-frequency zero. Moreover, the LDO can have good transient settling behavior and small output-voltage variation even if a small output capacitor is used. This paper is organized as follows. Section II presents the operational principle of the proposed BIA technique, while different design considerations including the stability analysis of the LDO using current-buffer compensation and details of LDO circuit implementation are discussed in Section III. Finally, Sections IV and V provide the measurement results of the proposed LDO and the conclusions, respectively. Fig. 1 shows a typical structure of a low-dropout regulator, which consists of an error amplifier comparing a scaled-down output signal to a bandgap voltage , a pMOS pass transistor , and an intermediate buffer stage driving . There are three poles in the LDO structure located at the output of the error amplifier , the output of the buffer , and the output of the LDO . In particular, these poles are given by where is the output resistance of the error amplifier, is the equivalent capacitance at which is dominated by the input capacitance of the buffer , is the output resistance of the buffer, is the input capacitance of , and is the equivalent resistance seen at the output of the LDO. Ideally, both and should be very small in order to achieve single-pole loop response by locating both and at frequencies much higher than the unity-gain frequency of the regulation loop.
II. PROPOSED IMPEDANCE-ATTENUATED BUFFER
In order to construct the required intermediate buffer stage, a simple pMOS source-follower is first considered to implement the buffer and its structure is shown in Fig. 2 . The pMOS source-follower can provide near complete shutdown of the pass device under light-load conditions. Since the output resistance of the source-follower is given by , it is necessary to increase in order to decrease the value of and allow to be located at frequencies much higher than the unity-gain frequency of the LDO regulation loop. Transconductance can only be increased either through using a larger ratio of transistor , or through increasing the DC biasing current through , or both. Increasing would, however, increase the total quiescent current of the LDO, thereby degrading the current efficiency of the LDO. Using a larger ratio of would increase the input capacitance of the buffer, which in turn pushes to a lower frequency and the stability can be To minimize ratio of and the quiescent current required to reach a given , the source-follower with negative feedback shown in Fig. 3 (a) is used. In particular, the npn transistor is the feedback device connected in parallel to the output of the source-follower in order to reduce through shunt feedback. From a qualitative standpoint, when the input voltage at is constant and the output voltage increases, the magnitude of the drain current of also increases, which in turn increases the base current of . As a result, the collector current of increases, reducing the output resistance by increasing the total current that flows into the output node. The output resistance looking into the follower is then given by (4) Equation (4) shows that the output resistance of the follower is reduced by the current gain of the shunt feedback device . For example, when an npn transistor with is used, the value of would be decreased by about 10 times and the frequency of at the gate of the pass device is then pushed to a decade higher. As a result, the quiescent current needed through is greatly reduced to realize for a given . Similarly, the transistor size of source-follower required is also reduced. The input capacitance of the buffer is then decreased, which allows given in (1) to be located at a higher frequency without dissipating additional quiescent current.
It should be noted that the shunt feedback device can also be implemented by a nMOS transistor in single-well technologies to achieve a similar reduction in the output resistance [8] . Since inexpensive twin-well technologies with large feature size (0.35 m and larger) are widely used for integrated power ICs and vertical parasitic npn structures with are available in twin-well technologies, the shunt feedback device is implemented by the vertical parasitic npn transistor in our design.
Since the unity-gain frequency of the LDO regulation loop increases with the load current, the output resistance of the buffer should decrease when the load current increases in order to maintain far beyond the unity-gain frequency under the entire load current range. Fig. 3(b) shows the proposed structure of the buffer, in which two pMOS transistors and and the npn transistor realize dynamically-biased shunt feedback to decrease under different load current conditions. The output resistance of the proposed buffer is then given by (5) where is the transconductance of the diode-connected transistor . As shown in Fig. 3(b) , when the load current flowing through the pass device increases, both voltages at and decrease. The gate-source voltage of is increased and hence more current flows through . This current then mirrors through such that the current through the follower device dynamically increases with the load current. This boosts the value of , thereby further reducing the output resistance of the buffer according to (5) . In addition, the increase in with the load current can reduce the value of . This effect is significant under heavy load current conditions. Moreover, when the load current increases, part of the dynamically-increased current through flows into the base of and increases its collector current. The current gain of the vertical parasitic npn transistor slightly increases with the collector current, which also helps on reducing the value of when the load current increases. The proposed buffer also improves the slewing of the gate drive at during load transients. During the transition from no load to full load, the decrease in the voltage at causes an increase in the transient current through , which flows through the base of . The collector current of then increases to discharge the large gate capacitance of the pass device and the voltage at decreases with a faster slewing. It should be noted that is designed to be larger than such that is always on under different load currents. Similarly, when the voltage at increases, transistor provides extra transient current to charge and increase the voltage at to follow the voltage change at with a faster slewing during the transition from full load to no load.
In short, the proposed buffer with dynamically-biased shunt feedback reduces both the input and output impedance of the buffer by decreasing the values of and , respectively. In particular, the reduction in the value of increases with the load current. As a result, is located at sufficiently high frequencies under different load currents, while the LDO only dissipates low quiescent current at no-load condition. The benefit of having a smaller by using a smaller size of source-follower device in the proposed buffer also improves the stability of the LDO, which will be further clarified in the next section.
III. DESIGN OF THE PROPOSED LDO
In the proposed LDO structure shown in Fig. 4 , the error amplifier is realized by a single-stage folded-cascode structure with transistors -. As discussed in the previous section, the pole at the output of the buffer is pushed to sufficiently high frequencies under different load currents by employing dynamically-biased shunt feedback. The pass device realizes a common-source gain stage and constitutes the second gain stage in the LDO. Accordingly, the resulting LDO structure can be viewed as a two-stage amplifier driving a large capacitive load with two poles located at and the LDO output. The large capacitive load is due to the use of a micro-farad range off-chip output capacitor . This LDO structure can be stabilized using current-buffer (or cascode-Miller) frequency compensation, which is a pole-splitting compensation designed for splitting two poles at and at the LDO output in order to achieve stability in the full range of the load current. In twostage amplifier design, the use of the current-buffer compensation scheme allows the amplifier to achieve wider unity-gain frequency and improved stability by removing the right-half-plane zero and enhance PSRR [9] - [15] . In the proposed LDO, current-buffer compensation also removes the right-half-plane zero and improves PSRR. Additionally and more importantly, this compensation allows the LDO to achieve stability over the entire load current range by using only a small compensation capacitor. In Fig. 4 , the current-buffer compensation in the LDO is realized by and the common-gate transistor [15] . The details of the stability using the current-buffer compensation are discussed in the following subsection.
A. Stability Analysis
The stability of the proposed LDO is studied using the loopgain transfer function of the regulation loop. Fig. 5 is the small-signal block diagram representation of the circuit in Fig. 4 for analyzing the loop-gain transfer function. Here, and represent the transconductances of input differential stage , current buffer stage and pass device , respectively. In addition, is the feedback factor . As mentioned before, since the output of the buffer is a low impedance node and is located at a very high frequency under the full range of the load current, the capacitive loading at is neglected in the analysis. The loop-gain transfer function is derived based on the following considerations.
1) are much larger than . 2) Transconductance and output resistance provide the gain of the pass device and varies with the load current . In particular, ( ) decreases (increases) with the load current and is inversely proportional to . Based on the above, the loop-gain transfer function of the proposed LDO is given as (6) (7) From (6), the loop gain is negative due to the negative feedback established for output voltage regulation. In addition, the numerator of indicates that a LHP zero exists, while the third-order polynomial of the denominator implies that the system has three poles. According to (7)-(9), locations of poles vary under different load currents due to the existence of and . As a result, the loop gain transfer function should be studied for different load current conditions. When , the current drain from the pass device is , which is around 1-3 A. Hence, is at its minimum and in (7) . As a result, in (6) can be approximated to (10) where and are dominant and non-dominant poles of . As indicated in (10), the system is designed to have three separate poles and the third pole is canceled by the LHP zero, resulting in a second-order system. In particular, and indicate that no pole splitting occurs during and both the dominant and non-dominant poles are located at the LDO output and the output of the error amplifier, respectively. With the proposed buffer-impedance attenuation technique, the value of can be minimized due to the smaller source-follower device. The small allows to be much higher than the unity-gain frequency of the loopgain transfer function, which guarantees the proposed LDO to achieve good phase margin under . When the load current significantly increases, becomes much larger. Hence, in (7) , and in (6) is approximated to (11) Equation (11) shows that the loop gain transfer function has also two poles under , where and are the dominant and non-dominant poles of . Under this condition, the maximum unity-gain frequency of the loop-gain transfer function is achieved , which is fixed with respect to the load current change. Since is always larger than , only a single pole exists within the unity-gain frequency of the regulation loop. In addition, increases with the load current, which implies that the phase margin and stability of the LDO improve with the load current. Similar to the derivation in (10) and (11), the loop-gain transfer function of the proposed LDO using current-buffer compensation is actually a second-order system under the full range of the load current and from (6) can then be simplified as (12) Equation (12) can be used to find out the worst-case stability of the LDO under different load currents such that the value of the compensation capacitor can be designed to ensure the stability of the LDO in the entire load current range. The worst-case stability occurs at the minimum phase margin of the second-order system. The phase margin (PM) of a compensated two-pole system is given by PM (13) where is the unity-gain frequency. The larger the ratio is, the better the PM of the system can achieve. As a result, is defined to evaluate the separation between and under different load currents, which is given as (14) where is the DC loop-gain magnitude given by . By substituting and from (12) into (14) and setting [ corresponds to the worst-case feedback factor for stability as it maximizes the denominator of (14)], can be rewritten as (15) If we differentiate with respect to and set the derivative to zero, the minimum value of can be found, at which the minimum phase margin occurs. The resulting minimum is given by (16) By substituting (16) into (13), the minimum phase margin PM is given as PM (17) and from (17) , the can be designed as PM (18) From (18), is proportional to small parasitic capacitance . Accordingly, the impedance-attenuated buffer which results in a small reduces the required value of . In our design, a of 10 pF is sufficient for the LDO to be stable under the full range of the load current. This capacitance can be easily integrated in CMOS technologies.
The simulated loop gain transfer functions of the proposed LDO with F under no-load and full-load conditions are shown in Fig. 6 . Simulated results validate the existence of only a single pole within the unity-gain frequency and a good phase margin of approximately 90 is achieved under both conditions. In addition, Fig. 7 shows the simulated phase margin of the loop-gain transfer function under different load currents. The minimum phase margin is always larger than 65 for the entire range of the load current. This simulation result further verifies that a small of 10 pF is sufficient to ensure unconditionally stability under the full range of the load current. 
B. Circuit Design
The schematic of the proposed LDO is shown in Fig. 8 [16] . A 1-V bandgap voltage reference is integrated together with the LDO to provide the reference voltage to the input of the error amplifier. In the single-stage folded-cascode error amplifier, a simple diode-connected active load using transistors and is adopted. The simple diode-connected active load results in a smaller output resistance of the error amplifier as compared to a cascode load, which helps reduce the value of compensation capacitor to achieve a particular phase margin according to (18). In the proposed LDO, the gain of the error amplifier is equal to and can always be greater than 50 dB under the entire load current range.
Moreover, the use of a pMOS transistor to implement the source-follower in the proposed buffer is extremely critical to minimize the quiescent current at no-load condition. Under no-load condition, the pass device is almost turned off, as it only provides current for the feedback resistors and . The current is equal to , and the gate-source voltage required for to minimize the amount of current can be around 100 mV. In order to allow the error amplifier to maintain its gain, the DC voltage level at the output of the error amplifier needs to be at least an overdrive voltage 200 mV below . If the buffer stage has no level shifting toward the input supply, of the pass device would need to be increased under no-load condition in order to allow the DC voltage at to be within the output swing of the error amplifier. As a result, both and need to be reduced to accommodate the required increase in of , which results in an undesirable increase in the quiescent current in the LDO under no-load condition.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
In order to verify the proposed buffer impedance attenuation technique, the LDO shown in Fig. 8 was fabricated in a 0.35-m twin-well 7-V CMOS process. Fig. 9 shows the die micrograph of the proposed LDO, which was fabricated as part of an integrated power IC. The effective die area of the LDO is 0.264 mm . It should be noted that the output voltage of the LDO is bonded with only a single bonding wire from the pad to the pin in order to minimize the cost.
The input voltage range of the LDO is designed from 2.0 V to 5.5 V for portable applications using lithium-ion batteries. This covers the widest lithium-ion battery variation, which ranges from 2.5 V to 5.5 V. The output voltage of the LDO has programmable steps with a step size of 50 mV and the minimum output voltage is 1.8 V. When 1.8 V, the LDO can deliver up to 200 mA with a dropout voltage of 0.2 V. The output capacitor range is from 1 F to 100 F. Fig. 10 shows the measured quiescent current under different load currents . The figure indicates that the quiescent current increases with , which validates the dynamic increase in current realized by transistors and to lower the output resistance of the intermediate buffer stage. In addition, from Fig. 10 , the LDO consumes small quiescent current of 20 A under no-load condition, while the quiescent current of 320 A is dissipated at full-load condition. It should be noted that the maximum quiescent current seen over multiple samples at full load is 340 A, which corresponds to the worst-case current efficiency of 99.8% in the proposed LDO. Table I provides the detailed measurement results. Fig. 11(a) shows the transient response of the proposed LDO when the load current is pulsating between 1 mA and 200 mA with pulse rise and fall time of 100 ns. With the use of a 1-F output ceramic capacitor, the maximum output-voltage variation is less than 40 mV when is at 1.8 V, which includes output undershoots, overshoots and variations due to load regulation. This 40-mV total output variation corresponds to slightly more than 2% of . The total output undershoots and overshoots are less than 15 mV above and below the steady-state , which amounts to less than 1% of the output voltage. With the same output capacitor, when the LDO is tested with full-load steps pulsating between 0 and 200 mA, Fig. 11(b) shows that the maximum output-voltage variation is 54 mV, which corresponds to 3% of . The transient undershoot of 20 mV only accounts for 1.1% of . Fig. 12 shows the measured load transient response when output voltage of the LDO is changed to 3.15 V. In this case, the maximum output voltage variation is 65 mV, which is 2% of 3.15 V. The transient undershoot for this condition is 25 mV, which only corresponds to 0.8% of . Based on measured results shown in Figs. 11(a) and (b) and 12, transient overshoots and undershoots only occupy a small portion of the total output-voltage variation under massive load-step changes even when a small output capacitor of 1 F is used. This is because both the proposed impedance-attenuated buffer and current-buffer compensation allow the LDO to achieve stability without relying on any low-frequency ESR zero. Moreover, the well-behaved transient settling behavior of the output voltage further justifies large phase margin achieved in the LDO by using the proposed techniques.
As mentioned before, the LDO output is bonded with a single bonding wire to the pin in our design and the resistance of the bondwire varies from 50 m to 100 m . The IR drop across the bondwire can then be as high as 20 mV when the load current is 200 mA. This accounts for almost 60% of the total DC load regulation error of 34 mV in Fig. 11(b) . This error can be reduced if multiple bonding wires are used to decrease the bondwire resistance. As a result, both the DC load regulation and the total output-voltage variation during transient can be minimized.
The measured line transient response of the proposed LDO is shown in Fig. 13 in order to evaluate the effect of battery voltage changes on the LDO output voltage. When the change in the input supply of the LDO is 1 V with rise and fall time of 40 s, the output voltage changes by less than 3 mV at 1 mA. In order to provide a clearer picture of the performance improvement in the proposed LDO resulting from the impedance-attenuated buffer and current-buffer compensation, a comparison of some reported LDOs is given in Table II . A figure of merit FOM [17] is adopted to compare the transient response of different LDOs by evaluating the tradeoffs between the response time , the quiescent current and the maximum load current . of the LDO is given by , where is the maximum transient output-voltage variation (the peak-to-peak output-voltage change due to overshoots, undershoots and load-regulation error during load transient). The smaller the FOM, the better the transient response the LDO achieves. From Table II , the proposed LDO achieves the smallest FOM compared with other reported LDOs. As the proposed LDO is designed for portable applications, the FOM achieved by the proposed LDO is much smaller than other reported LDOs for the same applications [1] , [3] - [5] by at least one order of magnitude. It should be noted that the LDO for embedded microprocessor applications [17] dissipates much larger quiescent current in full-load condition, as compared to other LDOs for portable applications. Hence, the current efficiency of the LDO in [17] is much lower. Current efficiency above 99% is critical if the LDO is designed for portable applications as the current efficiency determines the battery lifetime.
V. CONCLUSION
In this paper, a low-dropout regulator based on the proposed buffer-impedance attenuation (BIA) technique with dynamically-biased shunt feedback has been presented. The BIA technique enables the realization of an intermediate pass-device driving stage with minimal capacitive loading to the preceding error amplifier stage, and minimal output resistance driving the pass device. The parasitic pole at the gate of the pass device can be pushed to sufficiently high frequencies under different load currents, while the LDO only dissipates low quiescent current. In addition to the BIA technique, current-buffer compensation allows the LDO to achieve only a single pole within the unity-gain bandwidth of the regulation loop and a good phase margin with a small compensation capacitor. The LDO is thus stable under the full range of the load current without any requirement for a low-frequency zero. Good transient response of the LDO with small undershoots and overshoots is achieved even if an inexpensive low-value output capacitor is used. The LDO is able to achieve low dropout voltage of 200 mV and deliver 200-mA load current for portable power management applications with lithium-ion batteries. This work is verified on silicon and comparisons with the previous reported work on low-dropout regulators are also presented. 
